Abstract. Lake ice phenology parameters (dates of ice onset and thaw) provide an integrative climatic description of autumn to springtime conditions. Interannual variations in lake ice duration and thickness allow estimates of local climatic variability. In addition, long-term changes in lake ice phenology may provide a robust indication of climatic change. The relationship between lake ice and climate enables the use of process-based models for predicting the dates of freeze-up and thaw. LIMNOS (Lake Ice Model Numerical Operational Simulator) is one such model, which was originally designed to simulate the ice phenology of several lakes in southern Wisconsin. In this study, LIMNOS is modified to run globally on a 0.5 ø by 0.5 ø latitude-longitude grid using average monthly climate data. We initially simulate the ice phenology for lakes of 5-and 20-m mean depths across the northern hemisphere to demonstrate the effects of lake depth, latitude, and elevation on ice phenology. To evaluate the results of LIMNOS we also simulate the ice phenology of 30 lakes across the northern hemisphere which have long-term ice records. LIMNOS reproduces the general geographic patterns of ice-on and ice-off dates, although ice-off dates tend to occur later in the model. Lakes with extreme depths, surface areas, or precipitation are simulated less accurately than small, shallow lakes. This study reveals strengths and weaknesses of LIMNOS and suggests aspects which need improving. Future investigations should focus on the use of geographically extensive lake ice observations and modeling to elucidate patterns of climatic variability and/or climate change. In this study, we attempt to describe the global-scale patterns of lake ice phenology in relation to climate. First, we use a numerical model of lake ice physics (Lake Ice Model Numerical Operational Simulator (LIMNOS)) to simulate the phenology of lake ice for lakes across the entire globe. Second, the model is applied to a 0.5 ø by 0.5 ø latitude-longitude grid and is driven by long-term average (30-year; 1931-1960) climatic data. Third, in each 0.5 ø by 0.5 ø grid cell we simulate lake ice development over hypothetical lakes of 5-and 20-m mean depths to help quantify the role of lake morphometry. Fourth, we compare model simulations against a compilation of 30 long-term lake ice phenology records spanning the northern hemisphere. By comparing the model simulations against these observations we evaluate the potential skill of using computer models to describe the physical relationships between lake ice and climate across continental and global scales.
Introduction
Previous studies of lake ice have mainly focused on its role in the heat budget of lakes [Birge, 1915; Juday, 1940; Scott, 1964 ]. Early work in these areas was mainly conceptual; recording and comparing data from different lakes and lake districts [e.g., Birge, 1915; Bryson and Bunge, 1956; Scott, 1964] . More recently, however, lake ice research has focused on the creation of geographically extensive lake ice data sets (based both on in situ measurements and satellite measurements) and the development of process-oriented models of lake ice physics. These developments have significantly advanced our understanding of the physics of lake ice and greatly expanded the possibilities of future investigations.
• Quantitative measures of lake ice phenology (i.e., date of ice onset and date of ice thaw) can provide a powerful, integrative description of wintertime and springtime climatic conditions. For example, year-to-year changes in the duration and thickness of lake ice cover furnish an estimate of local climatic variability and its potential impact on aquatic ecosystems. In addition, long-term changes in lake ice phenology may provide an early indication of climatic change. Global warming scenarios, for example, suggest that warmer conditions will be greatest over high-latitude land masses during winter, which would have important implications for lake ice phenology [Vavrus et al., 1996] . Similarly, historical lake ice records, which often date back hundreds of years, may help us to depict past climatic variations [e.g., Palecki and Barry, 1986; Vavrus et al., 1996] .
In this study, we attempt to describe the global-scale patterns of lake ice phenology in relation to climate. First, we use a numerical model of lake ice physics (Lake Ice Model Numerical Operational Simulator (LIMNOS)) to simulate the phenology of lake ice for lakes across the entire globe. Second, the model is applied to a 0.5 ø by 0.5 ø latitude-longitude grid and is driven by long-term average (30-year; 1931-1960) climatic data. Third, in each 0.5 ø by 0.5 ø grid cell we simulate lake ice development over hypothetical lakes of 5-and 20-m mean depths to help quantify the role of lake morphometry. Fourth, we compare model simulations against a compilation of 30 long-term lake ice phenology records spanning the northern hemisphere. By comparing the model simulations against these observations we evaluate the potential skill of using computer models to describe the physical relationships between lake ice and climate across continental and global scales. 
LIMNOS: Model Description
The links between lake ice and climate enable the use of mathematical models to understand and predict ice accretion and ablation. In this study, we apply LIMNOS to the entire globe at a 0.5 ø by 0.5 ø latitude-longitude grid. While the original model was designed with only local and regional applications in mind, we have extrapolated its use broadly in an attempt to describe the general patterns of lake ice phenology that occur within different climatic regimes. The model is described by Favrus et al. [1996] [1977] . During ice coverage the bottom layer is subjected to a heat flux from the lake sediments, utilizing estimates appropriate for a 12-m-deep midlatitude lake (Lake Mendota, Wisconsin) [Scott, 1964] . Because this heat flux is derived from a single lake, it may not be representative of lakes in other parts of the world. However, it is impossible to specify the appropriate heat flux for every (hypothetical) lake in the model, and sensitivity tests by the model show that the ice-on and ice-off dates are not strongly affected by this term.
During ice-free conditions, the sum of the energy fluxes at the lake surface (Qo) dictates the time rate of changes ofwater temperature Tw, according to Patterson and Hamblin [ 1988] . When a thick snow cover causes hydrostatic sinking of the ice-snow boundary below the surface of the lake, the model converts some of the snow into grey ice, following Ledley [1985] . This conversion not only reduces the insulating capacity of the snow-ice slab by decreasing the snow depth but also causes a more opaque ice cover. The subsequent solar penetration through the ice pack is reduced when the snow cover melts off in the spring; thus less energy is available for bottom melting. The bottom melting is generated by the basal heat flux, which is assumed to occur as a strictly diffusive heat transfer process.
A major simplification made here is that lake depth is the only morphometric parameter addressed; no treatment of lake shape, fetch, or bathymetric variations is considered. Also, there is no provision for open water (leads) within the ice cover. The absence of leads and any aerial dependence on the ice cover means that potentially important processes are neglected. For instance, Scott [1964] suggests that during snow coverage, small lakes may "see" a different (warmer) climate than that of large ones, by virtue of their greater relative shoreline fraction allowing more solar radiation to be absorbed on nearby land and advected over the lake. This distinction is especially relevant to ice melting, as in reality an ice cover melts both vertically (as simulated here) and horizontally, the latter process being driven by preferential heating of open water within the ice pack. Although it would not be feasible to alter the meteorological input fluxes to account for the effect of differential solar absorption on adjacent land, a proper treatment of leads and their role in the decay of lake ice would be an appropriate next step. LIMNOS was designed to simulate ice thermodynamics of small temperate lakes lacking extreme climatic or morphomettic characteristics, but the absolute upper bound is not known yet. When applied to a suite of lakes in Minnesota, LIMNOS was found to be applicable up to at least a mean depth of 30 m and a surface area of 540 km'-for the ice-off date. Other tests found that the model will not accurately simulate the ice phenology of Grand Traverse Bay on Lake Michigan (mean depth of 46 m).
Extending LIMNOS to the Global Scale
Within each 0.5 ø by 0.5 ø grid cell of the global array, the model simulates the physics of a hypothetical small inland lake. Rather than simulating each of the world's lakes individually, this technique allows us to examine the general patterns of lake behavior across broad climatic ranges. By comparing model simulations of small lakes that actually exist in a given grid cell, wc can ascertain the accuracy of the simulations. Because LIMNOS is only designed to simulate the physics of small lakes, we exclude some large lakes such as the Great Lakes and Lake Baikal from the comparisons. In addition, the model is not designed to simulate the ice dynamics of rivers.
This version of LIMNOS operates on an hourly time step and is driven by the following atmospheric variables: air temperature, precipitation (snowfall is estimated as a function of air temperature when the air temperature is near or below freezing), solar radiation, longwave radiation, humidity, and wind speed. In order to provide these driving data sets to the model, we synthesize quasi-daily climatic conditions from monthly averaged climatic data (following the methods used by Levis et al. [1996] . In addition, daily climatic conditions are further decomposed to generate a simple diurnal cycle of solar radiation and temperature. The basic climatic data used in this study are based on the W. Cramer and R. Leemans Because a global data set of observed wind speeds is not yet available, we use a constant wind speed of 5 m s-• in these simulations (sensitivity tests show that this approximation may affect the ice-on date, but its effect on the thaw date is probably negligible). Using a constant wind speed to run the model made the stratification of the lakes which precedes freeze-up impossible to simulate, since this process requires periods of relatively weak winds. To parameterize stratification, the lakes were forced to shoal when the lake temperature reached IøC, by prescribing a linear decrease in the depth of the upper water layer between the bottom of the lake and the surface as a function of the water temperature [Vavrus et al., 1996] .
Simulations of Lake Ice Phenology
The global LIMNOS simulations are run for 3 years to ensure that the lake thermodynamics are in equilibrium with the climatic forcing. Here we present the simulations of the last year of the simulation for lakes of 5-and 20-m mean depths (Plates 1 and 2).
Qualitatively speaking, the general patterns of lake ice phenology all appear reasonable. At the most basic level we can quickly see that lakes freeze in much of the northern United States, all ooe Canada, most of central and northern Europe, and most of Asia. Furthermore, by comparing Plates 1 and 2 we see that the southern border of lake ice varies according to the average dcpth of the lake. Deeper lakes require a colder climate in order to freeze owing to their greater heat storage capacity, whereas shallow lakes will cool more quickly and freeze in a shorter period of time. McFadden [1965] showed that shallow lakes require a 3-day running average below 0øC to freeze, while deep large lakes require a 40-day running average below 0øC for freeze to occur. 
Global Lake Ice Phenology Data
Most studies of lake ice phenology have focused on individual lakes or lake districts. Some larger-scale analyses of lake ice phenology have been conducted but not at a global scale; Wynne et al. [1996] , for example, described the temporal coherence of lake ice phenology data (as obtained from satellite) for 62 lakes across the LaurentJan Shield. Wynne et al. [1998] assessed recent trends in lake ice breakup dates (as derived from satellite data) in the U.S. Upper Midwest and portions of Canada (60øN, 105øW to 40øN, 85øW) .
Our ice data are from a global lake ice phenology data set for the northern hemisphere compiled by the Lake Ice Analysis 
Group (LIAG). LIAG is a multi-investigator, multi-institutional effort aimed at the analysis and interpretation of longterm ice records on lakes and streams in relation to climatic WALSH ET AL.' GLOBAL PATTERNS OF LAKE ICE

Comparing Simulated and Observed Lake Ice Phenology
Many interesting patterns appear in the global lake ice simulations, but without evaluating the accuracy of the model, patterns of lake ice phenology cannot be considered conclusive. Here we compare model simulations against the 30 lake ice phenology records presented in Table 1 . In this case, we apply LIMNOS to each lake individually, by running the model with the observed lake depth and driving it with the atmospheric inputs for the 0.5 ø by 0.5 ø latitude-longitude cell that contains the lake. In cases where a lake is larger than a 0.5 ø by 0.5 ø grid cell, we use the location where the data were collected to determine which cell to use.
A preliminary comparison of simulated and observed lake ice phenology parameters (Table 1 and Figure 4) shows that the global-scale patterns of lake ice phenology are satisfactorily captured by the model. The linear regressions (Figure 4a) between simulated and observed lake ice phenology parameters are highly significant. Ice duration (r 2 --0.86) is slightly more significant than the ice-on date (r 2 = 0.83) or ice-off date (r: = 0.79). It appears that the model is most accurately simulating ice-on dates, while simulated ice-off dates have a bias toward a later date. Overall, the results of these datamodel comparisons show that it is possible to simulate lake ice phenology patterns on a global scale using very simple climatic and morphometric parameters.
In order to remove the strong latitudinal association between simulated and observed lake ice parameters, anomalies were calculated along five latitudinal bands and plotted simultaneously (Figure 4b) . The five bands cover 43ø-69øN, contain four to seven lakes each, and range in width from -1ø-5 ø latitude. After removing the effects of latitude the correspondence between observed and simulated dates continues to be very good. The remaining anomalies (Figure 4b) are not strongly dependent on depth but do show variations with longitude (not shown). In fact, the observed duration anomalies indicate a general eastward increase in lake ice across the continents, similar to those presented in the global simulation (Plate 3).
Several of the lakes were simulated to within 2-4 days for both ice-on and ice-off dates, while others were off by over a month. When the model output is within 2-4 days of the long-term average, it is considered to be within the observational error. An inherent source of error in these comparisons is that the definition of ice-off is somewhat subjective, possibly varying between the day when leads appear in the lake, when Included here are the lake identification numbers used to locate the lake in Figure 3 , lake name, morphometric data (depth and surface area), latitude-longitude position of lake, and observed and modeled ice-on and ice-off dates and duration.
50% of the lake is ice free, or when there is no ice left on the lake. The process of ice melting off a lake can take several days, and there is not a unified method to determine which is the ice-off date. The determination of the ice-on date is also not universally defined, but the time period over which ice-on occurs is typically shorter than that for ice-off. One possible problem in determining ice-on dates is if there is a short freeze early in the fall season, followed by a temporary thaw, and then a consequent refreeze for the rest of the winter. We do not know how this situation is dealt with by the different data collectors. The lakes which were not modeled accurately were often found in extreme climate conditions or varied drastically from the stereotypical small, round-bottomed lake that the model was designed to simulate. For example, Lake Teletskoye in Russia (near Lake Baikal) has a mean depth of 174 m. The model simulated the lake to freeze on day 357 and thaw on day 149, but the long-term average freeze and thaw dates are 328 and 120, respectively. Similarly, the ice-off date of Great Bear Lake (mean depth of 71.7 m) in northern Canada is simulated to thaw 21 days too early (however, the ice-on date was within 2 days). Although these are poor simulations, with an error of up to 30 days in either direction, these lakes vary greatly from the type of lake for which the model was originally developed. We doubted whether the model would run successfully for a lake with a mean depth over 100 m because it cannot adequately reproduce the thin upper layer in deep lakes. The shoaling parameterization was designed for shallow Lake Mendora (Wisconsin).
Another lake which was poorly simulated is Aishihik Lake in northwestern Canada. The model predicted the ice-on date to be --•30 days too early, and it predicted the ice-off date to be over 50 days too late. This lake has an average depth of 30 m, which should not be too deep for the model, but it is in an area which receives a large amount of snow.
Along with depth and snow cover, one other variable which may be difficult for LIMNOS to account for is surface area. Several lakes which are known to have large surface areas are simulated poorly, including Lake Balaton in Hungary (mean depth of 3.0 m). ice-on is within 10 days of the long-term record, but ice-off is simulated more than 25 days too early by the model. This may be a result of the lake having less edge effect than is appropriate for the model. Lake Balaton is •--80 km (50 miles) long and 16 km (10 miles) wide. If wind blows across the length of the ice-covered lake, it will cool and cause the lake to experience a climate colder than the ambient air temperature used in the model. The opposite is possible in the fall, when the water would warm any cool air and cause the lake to experience a different climate than that which the atmospheric forcings provide for the area. LIMNOS does not take this sort of complex wind dynamic into consideration.
Great Bear Lake in northern Canada is another lake with a large surface area (31,153 km2), one which is larger than both Lake Ontario and Lake Erie. This lake is also deep (mean depth of 71.7 m), but the surface area may be more problematic for the simulation than the depth. 
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Conclusions
The phenological behavior of natural systems provides a robust assessment of climate variability and possibly climatic change. For example, several studies have examined the seasonal behavior of high-latitude snow cover [Groisman et al., 1994] and sea ice [Chapman and Walsh, 1993] Despite these findings, a systematic analysis of lake ice phenology across the entire northern hemisphere has never before been performed. It is likely that global-scale changes in lake ice phenology would provide a highly robust, integrative measure of climatic variability or climate change. This property is especially fruitful in efforts to detect anticipated future anthropogenic changes, which are expected to be most extreme during winter and spring in high latitudes. A wide variety of local-and regional-scale studies have already demonstrated the links between lake ice phenology and known modes of climatic variability, including E1 Nifio-Southern Oscillation (ENSO) [e.g., Anderson et Here we have depicted the phenological behavior of lake ice across the globe using a highly idealized numerical model and a compilation of historical lake ice observations. A comparison between model simulations and long-term lake ice phenology records indicates that in general the model successfully simulates lake ice processes across a wide geographic domain, but there are types of lakes which the model handles poorly. In particular, the model does not perform well for lakes of great depth, large surface area, or extreme snow conditions. These discrepancies help to bracket the applicability of LIMNOS and point to which processes need to be better simulated. Future efforts should therefore adapt this lake ice model to account for some of these conditions. We have initially focused only on the long-term average behavior of lake ice. Using only average monthly climatic data and an idealized numerical model of lake physics, we have been able to explain the geographic variation in lake ice phenology across the globe. Future work should include the simulation of year-by-year onset and melt off of lake ice across the northern hemisphere, and it should compare these results to observational time series. In this way, we may be able to enhance the ability of using historical lake ice records as an indicator of global-scale climate variability and climatic change.
